More than 30 years ago, two unexpected findings were discovered that challenged conventional thinking in biology. The first was the identification of a misfolded protein with transmissible properties associated with a group of neurodegenerative diseases known as transmissible spongiform encephalopathies. The second was the discovery of a new pathway used for the extracellular release of biomolecules, including extracellular vesicles called exosomes. Two decades later, the convergence of these pathways was shown when exosomes were found to play a significant role in both the transmission and propagation of protein aggregates in disease. Recent research has now revealed that the majority of proteins involved in neurodegenerative diseases are transported in exosomes, and that external stresses due to age-related impairment of protein quality control mechanisms can promote the transcellular flux of these proteins in exosomes. Significantly, exosomes provide an environment that can induce the conformational conversion of native proteins into aggregates that can be transmitted to otherwise aggregate-free cells in the brain. Here we review the current roles of exosomes in the pathology of neurodegenerative diseases.
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Exosomes are released into the extracellular environment by the majority of cell types in the body. Originally identified to be involved in the non-degradative removal of the transferrin receptor during the maturation process of reticulocytes (1, 2) , exosomes have now also been recognized as an important communication and signaling pathway in the body in both normal and disease settings. Exosomes differ from other extracellular vesicles (EVs) 3 based on the secretion pathway used and the size of the vesicle released. Unlike other EVs that can bud from the plasma membrane, such as microvesicles (3) , exosomes are created from intraluminal vesicles that form within multivesicular bodies (MVBs, or multivesicular endosomes). The subsequent fusion of the MVB at the plasma membrane releases these vesicles into the extracellular milieu where they are known as exosomes ( Fig. 1 ). This secretion process results in a large number of exosomes being released in the body, with estimates of 3 ϫ 10 6 exosomes per microliter of blood serum. Recent evidence has highlighted the importance of exosomes both for cellular communication and in the delivery of biomolecules.
The function of exosomes differs depending on the cell type from which they originate. Initial in vivo studies identified that exosomes derived from dendritic cells could express MHC class II molecules to promote an immune response (4) . Since then, exosomes have been found to function in angiogenesis, inflammation, morphogen transportation, and programmed cell death (5) . The richest area of exosome research, however, has come from disease studies, in particular the cancer field. Recent evidence has highlighted a role for exosomes to promote metastasis and regulate tumor immune response (6) . Of particular interest is the ability of tumors to release exosomes that regulate distant cellular environments to initiate pre-metastatic niche formation (7) (8) (9) . These findings highlight the potential for exosomes to spread disease pathways within the body (10) .
The ability of exosomes to promote the spread of disease is also thought to play a role in neurodegenerative disorders. A common feature of these disorders is the deposition of misfolded, aggregated forms of specific proteins in defined neuroanatomical locations. As the diseases progress, these misfolded proteins spread along distinct pathways, suggesting that the pathological process may involve the movement of misfolded proteins from one site to another (11) . Exosomes containing aggregation-prone proteins involved in Parkinson's disease (PD), Alzheimer's disease (AD), Creutzfeldt-Jakob disease (CJD), and amyotrophic lateral sclerosis (ALS) have all been found in the cerebral spinal fluid and blood of patients affected by these disorders. These and other findings have led to suggestions that neurodegenerative disorders may in fact be transmissible in the brain (12) . Until recently, the prion protein (PrP Sc ) protein involved in CJD was the only known transmissible protein accountable for the spread of disease (13) . However, recent evidence using both animal and cellular models has now shown that other neurodegenerative proteins may also be transmissible (14, 15) . It should be made clear, however, that epidemiological data clearly show an extended time course for the generation of different disease states when compared with PrP Sc related diseases. Given these new findings, it is important to understand the terminology used in describing protein aggregation and propagation involved in neurodegeneration.
Types of Aggregated Proteins in Neurodegenerative Diseases
A similar model of disease progression is thought to occur for the majority of neurodegenerative diseases. An abnormally folded disease-related protein self-associates into a ␤-sheet structure to form an ordered aggregate with the ability to propagate in a cell. However, the terminology used to define these structures and the ability to propagate not only within cells but also from cell to cell or between individuals is somewhat contentious. The term amyloid has been used widely for over 100 years to describe extracellular protein aggregates found in organs and tissue that are insoluble and resistant to degradation. The ␤-amyloid (A␤) peptide that forms amyloids in Alzheimer's disease is perhaps the best known of these aggregates (16) . A separate type of aggregate in neurodegeneration forms intracellularly, composed mainly of ␣-synuclein; they are termed Lewy bodies (17) and are known to be involved in a number of synucleinopathies such as PD and dementia with Lewy bodies (DLB). The term prion (proteinaceous infectious particle) was coined to describe an infectious protein aggregate capable of transmission between individuals (13). The PrP Sc protein that is involved in CJD in humans, scrapie in sheep, and bovine spongiform encephalopathy in cows was identified to be the infectious agent in prion pathology. Based on this definition and recent discoveries in different neurodegenerative diseases about the transmission of pathology not involving PrP, further terms such as prionoid or prion-like (describing proteins capable of cell-to-cell propagation within individuals, but unable to infect other individuals) have been described (18) . Although infectivity was thought to be the defining property of prions, a broader definition of prions has now also been suggested, describing prions as proteins that acquire alternative conformations and become self-propagating (19) . This has caused considerable debate in the field (20) ; however, the semantics for the terminology used to describe aggregation-prone proteins and transmission in neurodegeneration may be unified in the future given recent findings describing the potential for iatrogenic transmission of A␤ pathology between humans (21). Here we review a number of neurodegenerative diseases with a focus on the role of exosomes in the transmission of protein aggregates.
Prion Diseases
Prions are the prototypical form of transmissible neurodegenerative disorders, and are thought to be composed principally of misfolded conformers of specific proteins that can induce further misfolding of these proteins in a catalytic mechanism. Prion diseases in humans include CJD, GerstmannSträussler-Scheinker disease, and kuru; in animals, they manifest as scrapie in sheep and bovine spongiform encephalopathy in cattle. The "protein-only" hypothesis for the transmission of the disease was first speculated by Griffith (22) and was subsequently shown by Prusiner (13) . It is now widely accepted that misfolding of the host-encoded prion protein, PrP C , into a disease-associated transmissible form, PrP Sc , results in the transmission of pathology not only between cells but also from one organism to another. In humans, prion diseases manifest as rapidly progressing dementias with clinical signs of vision loss and cerebellar ataxia, and are currently untreatable.
Although the exact mechanism by which prion disease is transmitted intercellularly is yet to be identified, studies have shown that this may occur by cell-cell contact (23) or via tunneling nanotubes (24) . The observation that prions can be detected in the lymphoreticular system of animals and humans with these diseases suggests that a mechanism exists whereby prion transmission can occur extracellularly without the need for cellular contact (25, 26) . Over the last decade, a number of studies have highlighted a role for exosomes in the transmission of prions. PrP C and PrP Sc isoforms of the prion protein were the first neurodegenerative proteins found to be secreted from the cell in association with exosomes (27) . Exosomal PrP Sc was found to transmit protein aggregation in rabbit kidney epithelial cells, whereas exosomes containing PrP C did not transmit aggregation. Subsequent in vivo experiments were able to show that exosomes derived from prion-infected mice were able to transmit aggregation to naive mice as well as cultured cells (28, 29) . Importantly transmission between heterologous cell types has also been observed, indicating that exosomes may be involved in the transmission of disease from the periphery to the central nervous system, and this may explain the presence (99), it can enter MVBs. MVB fusion with the cell surface results in the release of PrP c in exosomes. B, ␣-synuclein is a cytoplasmic protein that can be found on early endosomes. Through a process involving ceramide, tetraspanins, or endosomal sorting complexes required for transport (ESCRT) components, ␣-synuclein is directed into MVBs. Both PARK9 (51, 52) and Rab11 (48) have been shown to promote the exosomal release of ␣-synuclein. C, APP is a cell surface transmembrane protein that can be processed by a number of proteases. APP is found on early endosomes, where it can be cleaved by secretases (71) to form secreted APP␤ (sAPP␤), A␤, and APP intracellular domain (AICD). The AICD fragment can traffic to the nucleus, whereas A␤ can be trafficked into MVBs through a process involving ceramide, tetraspanins, or ESCRT components. Fusion of the MVB with the plasma membrane results in the subsequent release of exosomes containing A␤ from the cell. Exosome-independent pathways for A␤ release can result in extracellular A␤ that can be sequestered by exosomes, which can then be degraded by microglia (73) .
of PrP Sc in the lymphoreticular system during the disease. A recent study has indicated that exosomal release is the main pathway for prion secretion from the cell (30); this is in contrast to other neurodegenerative proteins where exosomes are found to export only a small proportion of the total extracellular protein (31) .
One aspect of prion biology that has become relevant for other proteins that misfold and have prion-like activity is the existence of strains. Prion strains are classically defined as distinct isolates that, when transmitted to a susceptible host, produce a unique clinical presentation, often measured in the incubation period, pattern of neuronal damage, and disease phenotype. In the absence of a nucleic acid genome, which could account for strain-specific differences, prion strains have been explained by distinct conformers of the PrP Sc structure itself, which encodes these (32, 33) . These have been identified using structural techniques and biochemical methods to identify unique patterns of proteolysis of PrP Sc on Western blots. Recently, it has been demonstrated that both A␤ and ␣-synuclein can also exhibit distinct strain properties, which are maintained when oligomeric conformers of these proteins are transmitted to susceptible animals (34, 35) . Whether the loading of oligomeric, neurotoxic forms of these proteins into exosomes is influenced by strain-specific conformers remains to be established.
Parkinson's Disease
Parkinson's disease is a neurodegenerative disorder with motor symptoms that affects ϳ1% of the population over 65 years of age. It is characterized by histopathological lesions known as Lewy bodies (LBs) that predominantly contain the intrinsically disordered protein ␣-synuclein. Mutations, multiplications, and polymorphisms in the SNCA gene encoding ␣-synuclein are associated with familial forms of PD and susceptibility to idiopathic PD. Obvious motor symptoms are associated with the clinical phase of the disease combined with the loss of dopaminergic neurons of the substantia nigra; however, preceding this, there is a prodromal phase where patients can show a number of symptoms including hyposmia (loss of smell), disturbed sleep, and gastrointestinal dysfunction. These early symptoms, along with findings on the distribution pattern of ␣-synuclein aggregates, have led to the hypothesis that PD may start in either the enteric nervous system or olfactory bulbs before spreading to other regions of the brain during disease progression (11) . How this transmission of PD occurs is currently not fully understood, but it has been suggested to occur through tunneling nanotubes, cell-cell contact, or exosomal transfer.
Extracellular Release of ␣-Synuclein
Although ␣-synuclein does not contain a sorting signal for extracellular release, soluble and aggregated ␣-synuclein has been detected in many body fluids, including brain interstitial fluid, plasma, and cerebral spinal fluid (CSF) (36, 37) . In vitro experiments have identified extracellular ␣-synuclein secretion either through direct translocation across the plasma membrane or alternatively via a more specific mechanism in exosomes via the endosome pathway (38, 39) . The first detection of exosomal ␣-synuclein indicated that the protein could be released from the cell in a calcium-dependent manner and could result in cell death in recipient cells (39) . Subsequent studies have identified exosomal ␣-synuclein from multiple different cell types and also from patient-derived CSF and blood. The amount of exosomal ␣-synuclein found in PD patients when compared with controls has been shown to be variable, with some studies indicating an increase of exosomal ␣-synuclein in PD patients (40) , whereas others have shown a decrease of exosomal ␣-synuclein in PD patients (31) . Independent of this, the amount of exosomal ␣-synuclein has been found to vary within different synucleinopathies, with increased exosomal ␣-synuclein found in PD when compared with DLB (31) . Together these findings suggest that exosomes may play a role in the transmission of ␣-synuclein in disease. However, it should be noted that the majority of extracellular ␣-synuclein is not contained in exosomes, with most ␣-synuclein found in CSF or conditioned medium being free and only a small fraction contained in exosomes (31, 40) .
Exosomes Provide an Environment to Promote the Aggregation of ␣-Synuclein
If exosomes contain low levels of ␣-synuclein, are they really of any relevance to PD pathology? Recent evidence suggests that exosomes may provide a critical environment that promotes the aggregation of ␣-synuclein, potentially providing a platform for the propagation of PD pathology. Danzer et al. (41) showed the first evidence for oligomerized ␣-synuclein in exosomes using bioluminescent protein-fragment complementation assays. Importantly, this study identified that exosomal ␣-synuclein was delivered more efficiently to cells when compared with free ␣-synuclein, highlighting the importance of exosomal ␣-synuclein for transmission of oligomers between cells. Supporting these findings, exosomes from the CSF of PD patients was able to induce the oligomerization of ␣-synuclein when compared with control CSF (31) . Further analysis of exosomal ␣-synuclein in CSF of both PD and DLB patients showed a linear correlation in the ability to induce the oligomerization of ␣-synuclein when compared with control CSF exosomes. Although the authors did not detect aggregates of ␣-synuclein in the exosomes from the patient CSF, the ability to promote the oligomerization of ␣-synuclein suggests that these species are present in exosomes from both PD and DLB patients.
To further understand the role of exosomes in the aggregation of ␣-synuclein, Gray et al. (42) investigated the aggregation kinetics of exosomal ␣-synuclein. Significantly, they found that exosomes could catalyze the aggregation of ␣-synuclein in a similar manner, as has been shown for preformed ␣-synuclein fibrils. Interestingly, phospholipids were found to inhibit ␣-synuclein aggregation; however, vesicles containing ganglioside lipids GM1 or GM3 were found to accelerate ␣-synuclein aggregation. These findings suggest that exosomes can provide an environment for the initial nucleation event giving rise to pathological states of ␣-synuclein. Assuming that exosome membranes may also provide a local concentration gradient of ␣-synuclein (as opposed to free ␣-synuclein in CSF, plasma, or interstitial fluid), as well as protection from degradation (38), indicates the potential of exosomes as a key environment for the transmission of PD pathology.
Mechanisms and Physiological Conditions for the Release of ␣-Synuclein in Exosomes
A number of pathways have been investigated for the release of ␣-synuclein in exosomes. A hallmark of PD is the failure of protein regulation by the ubiquitin proteasome system and the autophagy-lysosome pathway (ALP); both, when compromised, can result in intracellular protein aggregates. A failure of ALP has been found to be important for the release of extracellular ␣-synuclein. Lysosomal dysfunction by either pharmacological or genetic manipulation increases exosomal release of ␣-synuclein (43) (44) (45) . In contrast, the induction of autophagy has been shown to inhibit the secretion of exosomes through the fusion of MVBs with autophagosomes (46) . Interestingly, inhibition of ALP reduced intracellular ␣-synuclein aggregation but increased secretion of ␣-synuclein oligomers that can affect the surrounding environment, providing a mechanism for pathogenic transmission of ␣-synuclein (47). The GTPase Rab11, which is required for late endosomal vesicle formation, has been found to be important in this process. Overexpression of Rab11 has been shown to reduce aggregate formation in cells (48) while also increasing the release of exosomal ␣-synuclein (47) .
Also in the lysosomal pathway is the gene PARK9, mutations in which cause Kufor-Rakeb syndrome, a juvenile-onset Parkinsonism (49) . PARK9 has also been found to regulate extracellular ␣-synuclein (50). PARK9 deficiency causes lysosomal dysfunction and ␣-synuclein accumulation, whereas PARK9 overexpression suppresses cellular toxicity of ␣-synuclein (51, 52) . Importantly, PARK9 is also involved in the biogenesis of exosomes and has been found to increase exosomal ␣-synuclein (51, 52). As such, PARK9 appears to function in a similar manner as Rab11 in regulating ␣-synuclein trafficking. However, both of these pathways appear to increase exosomal ␣-synuclein through an increase in the release of exosomes rather than specifically loading ␣-synuclein into exosomes. It is interesting to note that the increase in exosomal ␣-synuclein occurs concomitantly with a loss of protein aggregation in the cell, suggesting a survival mechanism that protects the cell from aggregates but can also result in the potential to propagate ␣-synuclein to the surrounding environment.
Are there specific pathways involved in the loading of ␣-synuclein into exosomes? Currently, no direct mechanism has been identified, although pathways involving sumoylation and environmental factors such as pesticides have been shown to increase exosomal ␣-synuclein (53, 54) . It is expected that future studies will identify whether specific mechanisms are activated to promote exosomal ␣-synuclein release, greatly increasing our understanding of ␣-synuclein propagation with the potential for early intervention strategies in the disease process.
Exosomes in the Transmission of ␣-Synuclein Pathology
The concept of interneuronal transmission of ␣-synuclein originated from observations that ␣-synuclein pathology in the brain propagates from both the olfactory bulbs and also the brain stem in a caudal-rostral pattern toward the midbrain and neocortex (11, 55) . Further support for the ␣-synuclein transmission hypothesis was provided in 2008 when two groups detected ␣-synuclein aggregates in transplanted embryonic neurons in Parkinson's disease patients' brains (56, 57) . Although these studies did not equivocally prove that ␣-synuclein transmission had occurred between neurons, they provided substantial evidence. Subsequently, animal model studies have shown neuron-to-neuron transfer of ␣-synuclein in the mouse and primate brain (58, 59) , internalization of exogenous ␣-synuclein fibrils, and induction of neuronal ␣-synuclein aggregation in vitro and in vivo (60 -63) . These experimental systems provided valuable proof of concept for the transmission of pathology, but the pathophysiological relevance of these data should be viewed with caution given the concentrations of aggregates used and the animal systems being investigated (predominately transgenic animals overexpressing ␣-synuclein).
Evidence for transmission of exosomal ␣-synuclein has mainly been limited to in vitro studies, although it is not clear whether studies using brain extracts that resulted in the propagation of ␣-synuclein pathology also contained exosomal ␣-synuclein (64) . Recently, exosomes derived from the CSF of PD patients have been shown to transmit ␣-synuclein aggregation using a reporter cell line (31), but as yet, no direct proof for in vivo exosomal transmission of ␣-synuclein has been observed.
Alzheimer's Disease
AD is a late-onset neurological disorder causing progressive loss of memory and cognitive abilities as a result of excessive neurodegeneration. The exact etiology of Alzheimer's disease still remains a topic of debate; however, it is clear that the accumulation of A␤ peptides in plaques combined with neurofibrillary tangles of tau are important for the progression of the disease (65) . A␤ peptides are derived from the proteolytic processing of the amyloid precursor protein (APP). This processing event can occur in multiple locations in the cell, with the importance of APP trafficking and processing highlighted by loci for late-onset AD mapping to processes regulating endosomal vesicle recycling (66 -69) . Significantly, the endosomal pathway is also critical for the formation of exosomes.
Extracellular Release of APP and Its Metabolites
Over 25 years ago, extracellular APP was identified and thought important for the generation of plaques in the brains of AD patients (70) . This result was somewhat surprising given that APP is an intracellularly generated protein containing a transmembrane domain. The first identification of AD-linked proteins and peptides in exosomes was discovered while investigating the location of APP cleavage events. Rajendran et al. (71) determined that ␤-secretase cleaved APP on early endosomes, which subsequently resulted in the trafficking of A␤ to MVBs. A small fraction of the A␤ peptide was found to be sorted into intraluminal vesicles in MVBs, resulting in the export of A␤ in exosomes. The authors went on to show that exosomal proteins could be found to accumulate in the plaques of AD patient brains, suggesting a role for exosomes in the spread of pathogenesis in AD.
Since this discovery, the full-length APP protein and many of its metabolites have also been found in exosomes, both from in vitro cell culture studies and also from the CSF and blood of PD patients. APP and the C-terminal fragments of APP (CTFs-APP) have been consistently identified in exosomes, and importantly, many of the proteases involved in APP processing have also been found in exosomes (72) . This suggests that proteolytic processing of APP may occur in situ in the exosome microenvironment; however, the function of these products in exosomes remains open to debate. A number of laboratories have determined that exosomal release of APP and its metabolites provides a protective role in neurodegeneration. Of note, it was found that neuron-derived exosomes can facilitate rapid conformational change of A␤ into nontoxic amyloid fibrils, which can subsequently be internalized by microglia for degradation (73) . Exosomes from N2a neuroblastoma and BV-2 microglial cells have also been reported to promote degradation of A␤ through proteolysis via exosome-associated insulin-degrading enzyme (74, 75) .
Although exosomes present a potential mechanism for the clearance of A␤ from the cell, it is clear that this mechanism can also pose a risk to surrounding cells, with the potential for exosomes to increase the aggregation potential of A␤ peptides. Similar to findings in PD with ␣-synuclein, studies have highlighted the role of ganglioside lipids (GMs) found in exosomes in the formation of A␤ aggregates, resulting in the trafficking of potentially pathogenic forms of the peptide. In particular, blocking GM1 formation can abrogate the aggregation of A␤ in exosomes (73, 76) .
Mechanisms for the Release of APP and Its Metabolites
Currently, there is no specific mechanism known to be involved in the extracellular release of APP or its metabolites. Indeed, it is still unclear where exosomes containing A␤ are derived, with evidence for exosomal release of A␤ from both neurons as well as reactive microglia (73, 75) . A consensus toward dysfunction in autophagy pathways has recently been established as a critical pathway in A␤ pathology. Autophagosomes have been found to contain proteases required for APP cleavage and more recently to be involved in the release of extracellular A␤ (77, 78) . However, this is not a direct mechanism to promote the release of A␤ in exosomes, but rather a result of pathway failures in the cell. It remains to be determined whether there are specific mechanisms for the release of APP or any of the proteolytically cleaved products of APP.
Exosomes and the Transmission of AD Pathology
The role of exosomes in the transmission of AD pathology remains controversial; however, an association between exosomes and amyloid plaque formation in vivo has been reported. Exosomes were found to stimulate the aggregation of A␤ by isolating exosomes from brain tissue of the 5ϫFAD mouse model of AD (79) . Inhibition of exosome formation in this model using GW4869, an inhibitor of neutral sphingomyelinase, resulted in the reduction of amyloid plaques in the brain. Although these data provide evidence for exosomal transmission of A␤ in vivo, it should be noted that the 5ϫFAD mouse model better represents familial AD with the highly rapid production and accumulation of A␤(1-42) (due to the additive effects of mutations in both APP and presenilin 1 (PS1)) in contrast to that observed in sporadic AD.
Tau
Separate from amyloid formation in AD, neurofibrillary tangles (NFTs), which are composed of abnormally phosphorylated tau protein, are correlated with progressive cognitive dysfunction and neuronal loss in AD. Importantly, tau and A␤ have been shown to function synergistically in AD pathology, with A␤ having been shown to promote NFTs (80) , and tau having been found to promote A␤ toxicity at the synapse (81) . A growing body of evidence now suggests that pathological tau protein can spread between cells, resulting in the recruitment of native tau into aggregates important in the development of AD.
Extracellular Release of Tau
Tau is a cytoplasmic protein known to function in the stabilization of microtubules. Extracellular tau was first discovered in CSF using an ELISA-based approach, revealing an increased level of the protein in AD patients when compared with controls (82) . Subsequent inoculation of brain extracts containing aggregated tau or injection of preformed fibrillary tau protein into tau transgenic mice can cause AD-like NFT pathology in the brain (83) (84) (85) (86) . Unlike A␤ models of disease, tau pathology can be seeded by exogenous tau aggregates in non-transgenic (wild-type) mice (87) . It should also be noted that tau pathology in animal models is also observed over a shorter time scale when compared with models for the transmission of A␤ or ␣-synuclein, suggesting that tau aggregation in vivo is kinetically favorable.
Nearly 20 years after the discovery of extracellular tau, the protein was found to be trafficked in exosomes (88) . However, this finding was not supported by others who argued that extracellular tau was not found in exosomes (89) . Other mechanisms involving tunneling nanotubes have also been suggested to be involved in the transmission of tau between cells (90) . Recent discoveries, however, have now clearly implicated exosomes in tau pathology. Significantly, exosomal tau from microglia has been identified in the propagation of tau pathology in the brain (91) . Both the depletion of microglia and the inhibition of exosome biogenesis using the small molecule GW4869 were shown to limit the propagation of tau in the brain. The authors suggest that microglia can phagocytose tau-containing cytopathic neurons and subsequently release tau in exosomes to transmit pathology; however, it is also possible that exosomal tau released from neurons could also be internalized by microglia before further exosomal transmission. This surprising method for the transmission of disease pathology through sequential cell processing of exosomes has also been described in cancer cell transmission (92) .
Further evidence for a function of exosomes in tau propagation was recently discovered in a study in which exosomes from tau transgenic mice were found to propagate tau aggregation in a threshold-dependent manner (93) . Interestingly, although tau was found to be phosphorylated in exosomes, it was not thought important for pathology at the known sites (AT8, AT100, and AT180). Taken together, there is now substantial evidence for the extracellular transport of tau in exosomes that can propagate tau aggregation in the brain.
ALS and Huntington's Disease
ALS is a neurodegenerative disorder of the motor neurons in the brain, brainstem, and spinal cord. Although the majority of ALS cases arise sporadically, mutations in a number of genes are associated with familial forms of disease. Superoxide dismutase 1 (SOD1) and TDP-43 are two such proteins mutated in these inherited forms of ALS, and both of these have exhibited template-directed induction of pathological misfolding of these proteins. Furthermore, both of these proteins have been found associated with exosomes, suggesting a potential role of EVs in the intercellular transfer of misfolded SOD1 and TDP43 (94, 95) . It has also been demonstrated that huntingtin, the pathogenic protein that misfolds in Huntington's disease, can also exhibit prion-like mechanisms of misfolding. In a Drosophila model, it was shown that glia can phagocytose huntingtin aggregates, which can then induce the misfolding of monomeric forms of this protein (96) .
Conclusion
After 30 years of research, it is now clear that exosomes provide a physiological platform for the transmission of information between cells. In the brain, exosomes can propagate the proliferation of misfolded proteins, a concept that evolved in the prion field, which now can potentially explain the pathogenesis of many neurodegenerative diseases. Given the extended time course of many neurodegenerative diseases, some of which take decades to develop, it is not surprising that prion diseases, which show a rapid onset of pathology, have provided researchers with a model to study the aggregation of transmissible proteins. It remains to be seen, however, whether current research, which uses transgenic animal models and large amounts of inoculated protein aggregates to speed up disease processes, accurately replicates the mechanisms observed in human disease. To this end, the role of exosomes outside of prion disease transmission has still not been proven conclusively in vivo for either PD or AD.
Although there appear to be a number of pathways that increase the transmission of protein pathology in exosomes, none provide a direct mechanism for the loading of aggregation-prone proteins into exosomes. Future research should identify whether there is an active transport pathway for these proteins, or whether they are simply a byproduct of disrupted cellular pathways in the aging brain. It is conceivable that there is a tipping point in the MVB pathway in which, under normal homeostasis, intraluminal vesicles are directed down the lysosomal pathway for the destruction of unwanted proteins; however, in disease states, this pathway is impaired, leading to a change in balance with a resulting increase in the flux of intraluminal vesicles through the exosomal pathway. This switch would maintain the removal of unwanted protein products from the cell, but could also result in the propagation of aggregation and the transmission of disease through exosome sequestration in recipient cells.
It should also be noted that exosome-independent pathways for the release of neurodegenerative proteins have also been reported. These include the non-vesicular release of A␤ and ␣-synuclein. Tunneling nanotubes, thin membranous channels formed between cells, have been shown to transfer tau, mutant huntingtin, PrP Sc , and ␣-synuclein between cells (24, 90, 97, 98) . These forms of protein transfer may also play a role in the neurodegenerative disease process.
An important aspect of the role of exosomes in neurodegenerative disease is the environment they can provide for the aggregation of proteins; in particular, it appears that the ganglioside content in exosomes potentiates the propensity for proteins to form ␤-sheet structures that can self-associate to form an initial nucleation site for aggregation. Several outstanding questions arise from the role that exosomes play in the pathogenesis of neurodegenerative diseases ( Table 1) . Identification of how neurodegenerative proteins are packaged into exosomes, the role of lipids in misfolding, and how exosomes are taken up by recipient cells will provide insights into how these crippling diseases may be therapeutically targeted in the future.
TABLE 1 Outstanding questions in the field
• What is the physiological role of exosomes observed in neurodegenerative diseases? • Are exosomes a protective mechanism for cells undergoing stress or a byproduct of a perturbed endosomal trafficking system? • Are there mechanisms involved in actively loading neurodegenerative disease proteins into exosomes? Given the highly regulated process for the release of exosomes, this seems likely; however, no direct mechanism has been observed for any of the proteins involved in neurodegeneration.
• What is the half-life of exosomes in vivo? Is there latency in the disease propagation? • Given the low number of neurodegenerative proteins found in exosomes, how many exosomes are required to seed transmission to recipient cells to cause pathology? • What cell types communicate through exosomes in the brain? What cell types produce pathogenic exosome variants in neurodegeneration? • Are exosomes involved in the core neuropathology of neurodegenerative diseases, or are exosomes released as a result of the disease process?
